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  Total knee replacement (TKR) is a successful procedure for the relief of pain, 
correction of deformity, and restoration of function in patients with knee arthritis.
1-3
 In 
the United States, the number of primary TKR surgeries performed in 2030 is projected 
to be between 2,938,000 to 4,136,000 and revision surgeries between 193,000 to 
381,000.
4
 Osteolysis, pain, and aseptic loosening are the most common causes of revision 
TKR surgery.
5
 The purpose of this thesis is to complete assessments for post-market 
surveillance of total knee replacement (TKR) targeting areas for improving polymer 
bearings through evaluation of clinical outcomes and analysis of prosthesis retrieved after 
in vivo function. The overall objective of this thesis is to use such assessments for 
comparing different polyethylene types (conventional and highly cross-linked) and 
articular designs (cruciate retaining and posterior stabilized) currently in use for TKR.  
This overall objective is accomplished in three specific aims. 
  The first aim completes a retrospective clinical outcome study of 9 patients (10 
cases), fully describing pre-operative and intra-operative surgical decision models for the 
clinical evaluation and surgical treatment of TKR patients with focal areas of 
periprosthetic osteolysis. Patients have not exhibited any further complications associated 
with osteolysis after 5.1±2.4 years of follow up. Routine radiographic exams show total 
incorporation of the graft material into the previously lytic regions in all patients.  
  The second aim acquires polyethylene inserts that have functioned in patients and 
develops a custom analysis program with a graphical user interface (GUI) for completing 
ii 
 
quantitative assessments of damage patterns observed on the polyethylene inserts’ 
surfaces. The developed analysis software outputs accurate and reproducible results 
comparable to ImageJ software. Additionally, the developed GUIs allow for user friendly 
image digitization, processing and analysis and eliminate of the need for users to have 
extensive computer programming knowledge.  
  The third aim uses the image-based measurement tool developed in the second 
aim to assess damage patterns occurring on the retrieved polyethylene tibial inserts with 
different types of polyethylene, namely conventional and highly cross-linked ultrahigh 
molecular weight polyethylene, and on tibial inserts with different types of articular 
constraint, namely posterior cruciate ligament retaining and posterior stabilized. The 
results of this aim provide unique insight into the effects of the physiological 
environment in which the TKR devices performed that simulations have not yet been able 
to replicate and provide data on the effects of changes to TKR design, including 
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Chapter 1  
An Introduction 
 
Total knee replacement (TKR) is a successful procedure for the relief of pain, 
correction of deformity, and restoration of function in patients with knee arthritis.
1-3
 
Between its inception in 1999 and December 31
st
, 2007, the New Zealand Joint Registry 
has obtained data on 34,458 primary TKRs.
5
 In the United States, the number of primary 
TKR surgeries performed in 2030 is projected to be between 2938000 to 4136000 and 
revision surgeries between 193000 to 381000.
4
  
  Many registries, including both the New Zealand Joint Registry, use the Oxford 
hip and knee outcome questionnaires to assess the outcome after primary total hip and 
knee replacement surgeries.
5,6
 Other outcome measures include the Harris and Charnley 
hip scores, the Hospital for Special Surgery knee scores, and the Knee Society Score.
6,7
 
In the United States, the KSS is the primary method used to score patients after TKR and 
it assess pain, stability, and range of motion with deductions for flexion contracture, 
extension lag, and misalignment.
7
 
  Some of the known complications after TKR include polyethylene wear and 
osteolysis, which is most commonly the result of the production of biologically active 
polyethylene debris.
8
 Osteolysis, pain, and aseptic loosening are the most common causes 
of revision TKR surgery.
5
 A little over 50% of revision TKR surgeries are caused by 
polyethylene wear, presenting as either isolated radiological findings or symptomatic 
wear-debris synovitis with eventual osteolysis compromising prosthetic fixation.
9
 Of that 
approximate 50% of revision cases, nearly two-thirds are due to osteolysis, with the 
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  One of the issues associated with polyethylene wear is the migration of the debris 
particles into nearby bone tissue. The polyethylene particles induce a foreign body 
response, ultimately resulting in frustrated phagocytosis that induces regions of necrosis 
in the bone tissue and osteolysis. The body’s reaction to a foreign material begins with 
inflammation. The progression of inflammation and the foreign body cellular response 
requires the migration of monocytes from the blood stream to the location of the debris. 
Once the macrophages have arrived at the location, they begin to attempt to remove the 
foreign body through phagocytosis. The polyethylene debris typically generated in can 
range in size, from 0.58 μm to 5.23 μm.
10
  In the event that a single macrophage cannot 
ingest a debris particle, it can fuse with adjacent macrophages to form foreign-body giant 
cells. The exact mechanism that leads to the fusion has not yet been determined but may 
be receptor mediated.
11
  It is known that IL-4 induced molecules must be present on both 
cells in order for the fusion to occur.
11
  When macrophages and foreign-body giant cells 
adhere to the surface of a biomaterial, they create a unique microenvironment between 
their cell membranes and the surface. In frustrated phagocytosis the macrophages and 
foreign-body giant cells release mediators of degradation such as reactive oxygen 
intermediates, degradative enzymes, and acid into their created microenvironment and 
results in the release of inflammatory mediators that stimulate bone resorption.
11
 
  Polyethylene wear can be generated on both the bearing and backside surfaces of 
the tibial insert, with the predominate source of polyethylene debris generation believed 
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to be the articulation of the femoral component on the bearing surface of the insert.
12-14
  
Wear on the backside surface of the insert is believed to be an additional source of 
polyethylene debris contributing to tibial metaphyseal osteolysis.
12
  Holes in the tibial 
baseplate, tibial fixation screws, and areas of discontinuous porous coating or cement 
interface are possible conduits for the debris into the bone tissue.
8
 Periprosthetic 
osteolysis is mainly caused by small particulate debris stimulating a foreign-body cellular 
response that results in bone resorption.
8
 
  There are sixteen main damage modes observed in retrieved polyethylene tibial 
inserts which can be readily observed at low magnification, such as in optical 
microscopy.
15
 In order to ensure correct identification, use of a pictographic damage atlas 
is important as identification of damage modes based on descriptions obtained from 
literature can be inconsistent.  In “A pictographic atlas for classifying damage modes on 
polyethylene,” an illustrated reference guide of damage modes (Damage Mode Atlas) for 
damage observed on polyethylene was developed and a training protocol for new 
researchers validated.
15
 Use of the Damage Mode Atlas was able to increase the rate of 
correct identification of damage modes and improved inter-rater reliability. 
  There are two types of design for TKRs that are used to control joint stability – 
posterior stabilized or posterior cruciate ligament (PCL) retaining. Depending upon the 
patient’s needs, a surgeon can choose either design. Fig. 1 displays the articulation of a 
posterior stabilized design. Image B in Fig. 1allows for visualization of the cam-box 
articulation. Fig. 3 displays the articulation of a PCL retaining design. Overall, PCL 
retaining and posterior stabilized TKR designs have similar clinical outcomes.  
4 
 
  Use of posterior stabilized TKRs can be dependent upon surgeon preference, 
availability, or the condition of the surrounding soft tissues and posterior cruciate 
ligament (PCL). The PCL is the strongest of the four ligaments in the knee, providing it 
with stability while pulling back the femur posteriorly onto the tibia during “roll-back”, 
thereby preventing posterior translation of the tibia.
16
 The removal of the PCL thus 
necessitates the addition of a post to the polyethylene insert that articulates with the metal 
cam portion of the femoral component in order to restore stability to the joint as 
demonstrated in Fig. 1. The cam-post mechanism was developed to induce posterior 
femoral translation during deep knee flexion with the goal of increasing maximum knee 
flexion; different designs allow for different degrees of flexion, ranging from between 
20° to 65° of flexion.
17,18
 One of the problems associated with TKR that posterior 
stabilized knees sought to overcome was that patients rarely flex the knees beyond 120° 
after surgery.
19
 Posterior stabilized TKRs have been evaluated in terms of patient 
function, knee kinematics, rotational kinematics, risk of post fracture, survivorship, rates 
of osteolysis, range of motion, and clinical results. 
   In some cases, the PCL can be retained in patients and a PCL retaining TKR 
design is utilized. There has been some debate about whether the PCL should remain 
intact or be resected during the TKR procedure, with soft tissue conditions and surgeon 
preference playing a role in the decision making process. Some potential disadvantages 
associated with this design are PCL rupture, patellofemoral malalignment, and 
posteromedial polyethylene wear and may influence survivorship of the prosthesis.
20
 
Overall, PCL retaining fixed-bearing TKR designs are highly successful with the need for 
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additional surgery occurring at approximately 0.4% per year for the first 27 years
9
 and 
survivorship rates after 10 years at 87% to 95.7%.
20
 Evaluations of PCL retaining TKR 
designs include analysis of long-term survival, tibial translation, maximum flexion, and 
anteroposterior stability. 
  Both standard and highly cross-linked UHMWPE are used in total knee 
replacements. Since the creation of the total knee replacement, multiple modifications 
have been completed in an attempt to improve the functionality and life cycle of the 
device. Osteolysis has been associated with backside wear and tibial modularity, the 
polyethylene sterilization method and stock, and the design of the posterior stabilized 
tibial post.
21
 Other factors that contribute to polyethylene debris generation and osteolysis 
include patient age, patient activity level, and surgical factors. Cross-linked ultra-high 
molecular weight polyethylene (UHMWPE) was developed to reduce volumetric wear in 
both hip and knee prostheses in comparison to standard UHMWPE.
22
  
  Traditionally, UHMWPE is cross-linked through gamma or electron-beam 
radiation of a ram-extruded bar stock or compression-molded sheet polyethylene at a 
dose greater than 4 MRads.
23
 Thermal treatment eliminates or reduces free radicals while 
enhancing the saturation of crosslinking. Implants can then be machined from the treated 
UHMWPE. If a manufacturer prefers remelting, they will typically sterilize the insert 
using ethylene oxide gas or gas plasma techniques; if annealing is preferred, then 







Figure 1. Posterior stabilized TKR. (A) Anterior view of an articulating femoral component on the posteriorly 






Figure 2. (A) At the time of load application, the posterior stabilized prosthesis does not have a cam and post 
engagement. (B) Forward motion of the femoral component can occur until the cam and post engage. Different 





Figure 3. PCL retaining TKR. (A) View allowing visualization of design that allows for retention of PCL. (B) 
Posterior view of device with space between the condyles for ligament retention.  
Purpose and Aims:  
 
 The purpose of this thesis is to complete assessments for post-market surveillance 
of total knee replacement (TKR) targeting areas for improving polymer bearings through 
evaluation of clinical outcomes and analysis of prosthesis retrieved after in vivo function. 
The overall objective of this thesis is to use such assessments for comparing different 
polyethylene types (conventional and highly cross-linked) and articular designs (cruciate 
retaining and posterior stabilized) currently in use for TKR.  This overall objective is 





Aim 1. Characterization of Surgical Options for Treatment of Osteolysis after Total 
Knee Replacement 
  Osteolysis, pain, polyethylene wear, and aseptic loosening are all indications for 
revision surgery. The standard surgical treatment is removal and replacement of the TKR, 
potentially with augmentation such as long intramedullary stems. Other surgical options 
include isolated insert exchange and insert exchange and bone grafting to fill osteolytic 
defects. The objective of Aim 1 is to complete a retrospective clinical outcome study, 
fully describing pre-operative and intra-operative surgical decision models for the clinical 
evaluation and surgical treatment of TKR patients with focal areas of periprosthetic 
osteolysis.  It is hypothesized that for such TKR patients, decision models involving 
insert exchange and use of a novel surgical technique can be a viable alternative to 
complete TKR revision.  
 
Aim 2. Acquire Retrieved Polyethylene Inserts and Create an Image-based 
Measurement Tool with Graphical User Interface for Measuring Damage Modes  
  The objective of Aim 2 is to acquire polyethylene inserts that have function in 
patients and develop a custom analysis program with a graphical user interface (GUI) for 
completing quantitative assessments of damage patterns observed on the polyethylene 
inserts’ surfaces.  It is hypothesized that the GUI interface will provide seamless transfer 
between user controlled functions of image selection, calibration, digitization, damage 
mode identification, damage area and location measurement, damage pattern display, and 
10 
 
data output. In this manner, consistent and accurate assessments of damage patterns of 
retrieved tibial inserts can be accomplished by users without advanced training in 
software programming.  Through Clemson University’s implant retrieval program, 
Retrieval of Explants Program and Registry in Orthopaedics (REPRO), fifty tibial inserts 
were obtained and assessed using the image-based measurement tool developed in this 
aim.    
 
Aim 3. Distinguish Variations in Damage Distribution Comparing TKR Designs 
with Different Types of Polyethylene and Different Articular Constraint  
   The objective of Aim 3 is to use the image-based measurement tool developed in 
Aim 2 to assess damage patterns occurring on the retrieved polyethylene tibial inserts 
with different types of polyethylene, namely conventional and highly cross-linked 
ultrahigh molecular weight polyethylene (UHMWPE), and on tibial inserts with different 
types of articular constraint, namely cruciate-retaining and posterior-stabilized.  It is 
hypothesized that tibial inserts fabricated from highly cross-linked UHMWPE will have 
damage modes occurring at different frequencies compared to the conventional 
UHMWPE inserts.  It also is hypothesized that tibial inserts with the posterior stabilized 
constraint will have damage patterns located more posterior than the inserts with PCL 





Chapter 2  
Characterization of Surgical Options for Treatment of Osteolysis after 




 Periprosthetic osteolysis is a known complication after cementless total knee 
replacement (TKR), including cases in which the implant is well fixed and properly 
aligned.
24-32
  A viable treatment option for progressive periprosthetic osteolysis observed 
after total hip replacement (THR) is polyethylene liner exchange and bone grafting of the 
osteolytic lesions.
33
 Using this treatment method as a model, a polyethylene insert 
exchange and bone grafting technique was developed to treat patients with progressive 
periprosthetic osteolysis in cementless TKR. Due to the decrease in survivorship 
associated with complete TKR revision,
34
 combined with the increasingly younger 
patients undergoing TKR, this method may be a viable option for a select group of TKR 
patients with osteolysis. 
  Of the approximate 50% of revision cases caused by polyethylene wear, nearly 
two-thirds are due to osteolysis.
9
 Typical movements that generate polyethylene wear on 
the articular surface include rolling, sliding, and rotational motions. These movements 
may lead to delamination, pitting, and fatigue failure of the bearing surface.
8
 Backside 
wear is another source of polyethylene particular debris generation and is generated by 
micromotion between the insert and the metal tibial component as a result of loosening of 
the locking mechanism. Polyethylene debris has been shown to stimulate bone resorption, 





  Osteolysis is a well-recognized complication after THR that presents diagnostic 
and treatment challenges.
33
Among patients showing polyethylene wear and acetabular 
osteolysis who are otherwise asymptomatic for pain without visible cup loosening or 
malalignment, treatment options include isolated liner exchange or revision of the liner 
and cup, both in combination with retroacetabular bone grafting.
35
 The conditions that 
qualify a patient for isolated liner exchange are controversial, and as a result, there is 
debate over the use of this treatment method.
33,36
 Studies have shown that isolated liner 
exchange has neutral to favorable outcomes when compared to revision THR of the liner 




 Similar to THR, periprosthetic osteolysis associated with polyethylene wear can 
occur adjacent to the metal components of TKR. The traditional course of treatment is 
complete TKR revision,
26
 but bone grafting and isolated insert exchange may be an 
option for some osteolytic patients, given the lessons learned from THR. However, 
isolated insert exchange after TKR has had variable success, suggesting that clear 
indications and surgical decision models are needed. Rerevision rates of 16% to 25% 
have been reported at less than five year follow up after isolated insert exchange for 
instability, wear, and osteolysis in TKR.
37,38
 In contrast, excellent results have been 
reported for treating focal osteolysis with bone grafting and isolated insert exchange, with 
rerevision necessary in less than 5% of cases and no evidence of component loosening.
39
  
 The purpose of this study is to systematically assess patients who presented with 
progressive periprosthetic osteolysis adjacent to well-fixed and well-aligned uncemented 
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TKR and were treated with bone grafting and isolated insert exchange.  We define the 
pre-operative and intra-operative surgical decision models used in the clinical evaluation 
and surgical treatment of these patients and present a retrospective review of outcomes at 
1 to 10 years follow up.   
 
Materials and Methods 
 
  A retrospective review was completed for 9 patients (10 cases) who presented 
with osteolysis adjacent to well-fixed and well-aligned uncemented TKR and were 
treated with bone grafting and isolated exchange of the tibial polyethylene insert and 
retention of the femoral and tibial components. The senior surgeon (Thomas Pace) 
performed all index TKR surgeries between December 1996 and January 2003 and all 
subsequent bone grafting and isolated insert exchanges between December 2002 and 
December 2011.  Approval for clinical records review was obtained from Greenville 
Hospital System’s Institutional Review Board.  
 At index TKR, all patients presented with an underlying diagnosis of 
osteoarthritis.  Surgical technique included a subvastus approach with resection of the 
posterior cruciate ligament, a tibial cut aligned parallel with the posterior slope of the 
articular surface, and the patella left unresurfaced.  All knees were implanted with an 
uncemented TKR prosthesis (Natural Knee II with Ultracongruent insert, Sulzer Medica, 
Austin, TX).  Femoral and tibial component fixation was enhanced by spreading the cut 





with five tibial baseplates further augmented with insertion of cancellous screws. All 
patients were followed during routine annual clinical evaluations, including radiographic 
and physical exams. Knee Society Scores preceding bone grafting and isolated insert 
exchange for these patients averaged 96.4 ± 5.3.  
 The main indication for subsequent surgery, including bone grafting and isolated 
insert exchange, was periprosthetic osteolysis observed on routine clinical radiographs. 
All patients were counseled for possible complete revision of all components and the 
risks associated with the insert exchange and bone grafting procedure were discussed in 
depth. The pre-operative surgical decision for bone grafting and isolated insert exchange, 
rather than complete revision, was indicated in patients presenting with osteolysis with 
well-aligned components that appeared well-fixed on pre-operative clinical radiographs 
(Fig. 4). If the osteolytic defect is significant enough to potentially threaten mechanical 
stability, or a small lesion that increases in size in a six month to a year of follow-up, then 
the window procedure should be considered as a treatment option. If the lesion disrupts 
the cortical bone, then the window procedure should not be considered as a treatment 
option. The maximum lesion size that was operated on in this study was 5.5cm x 6.0cm, 
which was defined as a large lesion. The intra-operative surgical decision to proceed with 
bone grafting and isolated insert exchange was indicated after the surgeon manually 
confirmed the joint stability and fixation of all components and confirmed localization of 
the osteolytic regions (Fig. 5).  At the time of reoperation, the surgical instruments 
necessary for a complete revision were available in the event that the metal components 
were not firmly fixed.    
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 The surgical technique for bone grafting and isolated insert exchange followed a 
uniform intra-operative surgical decision model (Fig. 5). Upon opening the joint, stability 
and fixation of the femoral and tibial components were manually verified by attempting 
to remove the femoral and tibial components with the extraction instruments. The 
polyethylene tibial inserts were removed and visually inspected, noting no gross evidence 
of delamination on the articular surfaces and scratches and deformation into recessed 
features on the backside surface. Surgical instruments were used to probe along the bone 
interface of the femoral component to detect any osteolytic regions. If the regions were 
discovered, then the cystic area was curetted and bone graft materials were used to fill the 
defect. The tibial cystic area was then addressed by making a 1cm by 1cm window 
medial to the tibial anterior crest, curettage of the tibial osteolytic lesion and subsequently 
packing the defect with bone graft material. The window was then replaced on the 
proximal tibia and secured with sutures in the overlying soft tissues. A new non-
ultracongruent polyethylene insert (Sulzer Medica) was snapped onto the existing tibial 
baseplate, with selection of a less congruent bearing surface in all but the first case.  All 
knees retained their initial PE insert size and thickness, except one knee presenting with 
excessive pre-operative tightness in which the insert was downsized from 11mm 
thickness to 9 mm thickness to allow for better motion. The bone graft material utilized 
included cancellous allograft, demineralized bone matrix putty, or a combination of the 
two. The decision for which material to use was dependent on availability at time of 
surgery.  





 and radiographs taken before and after the bone grafting and isolated insert 
exchange procedure were reviewed (Fig. 6 and Fig. 7). On pre-revision films frontal and 
sagittal plane radiographs, radiolucent lines were assessed and osteolytic lesions were 
classified according to their largest dimension measured on the radiographs. Osteolytic 
lesions were classified as small if the dimension was less than 2 cm, medium if between 2 
cm to 4 cm, and large if greater than 4 cm.  On post-operative films, radiolucent lines and 
the extent of defect healing and graft incorporation were assessed by a fellowship trained 




  There were seven male patients and two female patients treated with bone grafting 
and isolated insert exchange, including one patient with bilateral procedures completed 
4.6 years apart. Patient age averaged 58.2 ± 5.9 (range, 51 to 70) years at the time of 
index TKR and 66.5 ± 6.1 (range, 58 to 80) years at the time of bone grafting and isolated 
insert exchange. Body mass index (BMI) averaged 35.6 ± 3.7 (range, 29.6 to 39.1) kg/m
2
. 
The duration of function for the index TKR averaged 8.7 ± 1.9 (range, 5.7 to 11.4) years 
prior to the bone grafting and isolated insert exchange procedure, and the length of 
follow-up time after the procedure averaged 5.1 ± 2.4 (range, 1.0 to 10.0) years. Eight 
patients were treated with cancellous allograft, two with demineralized bone matrix putty, 
and one with a mixture of both cancellous allograft and demineralized bone matrix putty.  
  Clinical follow-up of these 10 cases revealed no further complications in 100% of 
17 
 
the patients, with no reported clinical symptoms of pain and no new areas of osteolysis 
noted on follow-up radiographs. None of the knees have required additional surgical 
intervention. One patient suffered multiple long bone fractures including a periprosthetic 
femoral fracture 2 years later due to a motorcycle trauma but the index TKR components 
remained intact without need for revision. The average Knee Society score improved 
from 96.4 ± 5.3 (range, 85 to 100) before the bone grafting and isolated insert exchange 
to 98.5 ± 2.4 (range, 95 to 100) at the most recent follow up.  
  Detailed review of the radiographs revealed findings consistent with the criteria 
defined in the pre-operative surgical decision model (Fig. 4), confirming that no TKR 
exhibited radiolucent lines at the interface of the femoral or tibial component prior to 
bone grafting and isolated insert exchange. Tibial osteolytic lesions assessed on the pre-
operative films were graded as small in 2 TKR, medium in 4 TKR and large in 3 TKR. 
Similarly, femoral osteolytic lesions were graded as medium in 2 TKR, large in 4 TKR, 
and absent in 4 TKR (Fig. 6 and Fig. 7).  Post-operative radiographs revealed complete 
graft incorporation into the regions that were previously osteolytic, with an absence of 
radiolucent lines and no signs of component migration or loosening (Fig. 6 and Fig. 7). 
 
 Discussion 
 In cementless total joint replacement, periprosthetic osteolysis associated with 
polyethylene wear is a known complication.
24-32
 Isolated exchange of polyethylene 
bearings in THR and TKR has been used with some success. Due to the more variable 
outcomes in TKR, we developed uniform pre- and intra-operative surgical decision 
18 
 
models to guide our selection of clinical treatment options. The criteria in the surgical 
decision models provided for consistent outcomes at an average of 5 years of follow up, 
with no additional surgical intervention required in these carefully selected patients.  
 Bone grafting proved useful for treating osteolytic lesions adjacent to both 
femoral and tibial components, with full graft incorporation effectively eliminating the 
lesion site and preventing recurrence at 1 to 10 years follow up. These results are more 
favorable than previous studies. Whiteside and Katerberg
42
 performed isolated insert 
exchanges on 49 TKR for wear with a 6% failure rate at 3 years.  In 56 TKR patients 
presenting with instability or polyethylene wear who were treated with isolated insert 
exchange, Babis, et al.
37
 reported a 25% rerevision rate at a mean of three years follow-
up. Engh, et al.
43
 performed isolated insert exchange due to wear on 48 TKRs with 7 
exchanges failing. Using isolated insert exchange and either bone grafting or cement 
augmentation to treat 76 TKR patients with polyethylene wear and osteolysis, Griffin, et 
al.
38
 reported a 16.2% failure rate after a mean forty-four months. Using a surgical 
technique similar to the current study, Callaghan, et al.
39
 reported a 4% rerevision rate in 
22 patients at an average of 61 months follow up. These variable results can be partially 
attributed to varied inclusion criteria, especially related to joint instability.
37,38
 Based on 
previous surgical outcomes combined with our results, the selected use of bone grafting 
and isolated insert exchange to treat periprosthetic osteolysis appears warranted.  
  This study utilizes a historical control group for comparison, which is an 
appropriate comparison for this study because had the femoral and tibial components 
been removed the residual defect would have required revision stemmed implants the 
19 
 
options of metal augments, structural bulk allografts, and cancellous allografts. This 
control group includes patients who required a revision surgery in which auto- or 
allograft bone grafts (structural, bulk or morselized), metal wedges, and modular 
components were used.
44-48
  Peters, et al.
48
 reported a survivorship of 75% ± 25% at 99 
months of 57 revision TKR after the bone defects were excavated and treated. Cortical 
allograft bone was used to treat large segmental defects, while cavitary defects were filled 
with cancellous allograft or autograft bone.
48
 Management of bone deficiency with bulk 
allograft had a reported survivorship of 79.4% to 83% at 8 years follow up.
46,47
   An 85% 
survivorship was reported at an average of 4.2 years follow-up.
45
   Mow and Wiedel
44
 
reported an 84% survivorship for a study of 13 revisions using structural allografts. The 
decrease in survivorship of revision TKR is well documented. This case study provides 
an alternate treatment option for a select subgroup of patients with areas of progressive 
periprosthetic osteolysis with a 100% survivorship rate at an average of 5.1 ± 2.4 (range, 
1.0 to 10.0) years. 
  The clinical use of demineralized bone matrix and cancellous bone chips is well 
supported in the literature.
49,50
  Although commercial preparations vary, these products 
deliver the necessary osteoconductive and osteoinductive components of bone to the 
surgical site. Bone grafting has shown success as a treatment method in both 
retroacetabular osteolysis in THR and periprosthetic osteolysis in TKR.
33,35,36,38,39
  In the 
current study, treatment of osteolytic lesions included curettage and subsequent packing 
with bone graft material, effectively resolving the lytic progression.  
  Several aspects of the current study limit the ability to generalize these results. 
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Adhering to our pre- and intra-operative surgical decision models limited the number of 
cases available for inclusion. Based on our favorable outcomes in this small population, 
continued use and investigation of this treatment method is justified. While a single 
surgeon’s patient data eliminated variation due to surgical technique, it is recognized that 
reporting results from one experienced surgeon may not represent outcomes from more 
wide-spread use of this technique. This method for treating progressive periprosthetic 
osteolysis in cementless TKR is primarily dependent on having well-fixed components at 
the time of revision, which in our study was enhanced through use of bone slurry at index 
TKR.  Its effectiveness for other TKR designs or cemented TKR is unknown.  
  Fully incorporated grafts occurred in all ten cases in this study, including 7 large 
defects. These results are similar to other published results for insert exchange in TKR, 
ranging from 84.6% to 97% complete or near complete graft incorporation into treated 
osteolytic lesions.
38,39
  However, considering that radiographs tend to underestimate the 
degree of osteolysis, it is challenging to assign a clear magnitude of the disease treated.
51
 
It is recognized that use of CT or MRI provide some benefit for gaining a three-
dimensional perspective of the lytic defect, as recently demonstrated by others.
52,53
  MRI 
has been shown to be more accurate and sensitive than CT for defect detection in the 
















Figure 5. Intra-operative surgical decision model.  
 
 
Figure 6. Radiographs of a 67 year old male who underwent bone grafting and isolated insert exchange for 




Figure 7. Radiographs for a 64 year old female patient who underwent bone grafting and isolated insert 
exchange. (A) AP view pre-revision radiograph showing osteolytic region. (B) Three months post-revision AP 








Chapter 3  
Acquire Retrieved Polyethylene Inserts and Create an Image-Based 





 In the event that a TKR has failed and revision surgery occurs, the explanted TKR 
device can be sent to a research program, such as CU-REPRO, for analysis and inclusion 
in future studies. Retrieval analysis is crucial to the improvement of existing TKR 
designs and materials. Polyethylene wear has been studied extensively, with the 
durability of the material contributing greatly to the success of TKR.
54
 Retrieval analysis 
has documented the success of polyethylene in TKR while also revealing evidence of 
surface wear modes, surface damage, deformation, and structural failure.
54
 This type of 
analysis provides unique insight into the effects of the physiological environment in 
which the TKR performed that simulations have not yet been able to replicate. In order to 
reduce polyethylene debris generation, changes in articular surface conformity, modular 
tibial locking mechanisms, and kinematic function have been made. Monitoring the 
effects of these changes is done through studying the bearing surface performance and 
design impacts on the survivorship of primary TKR.  
  A variety of methods exist for analyzing retrieved polyethylene inserts. Different 
damage modes have been identified, with both written descriptions and photographic 
depiction that vary depending upon the author and research institution. In order to 





created a study that implemented a training procedure and created an illustrated reference 
guide of damage modes (Damage Atlas) that are typically visualized on polyethylene 
bearings. One option for retrieval analysis involves a scoring system based on the worn 
area with a specific type of wear on the different zones of the tibial insert.
55
 The 
articulating surface is divided into medial and lateral sides, with each side being divided 
into three equal zones anteroposteriorly. The worn area in each zone for each type of 
wear is quantified from 0 to 3, with 0 representing no damage and 3 representing greater 
than 50% damaged.
55
 The total score is the sum of all six zones for each type of wear. 
Another grading system was developed to quantitate surface damage on TKR inserts. 
This system divides the articular surface into medial and lateral zones, with each zone 
being further divided into four quadrants.
56,57
 Each quadrant is analyzed, with a score 
being assigned for a particular damage mode and all quadrants being summed. The 
results are then combined with patient variables, such as weight, activity level, 
radiographic findings, time of implantation, and results of histology, to determine 




  A more quantitative damage pattern analysis of the polyethylene insert portion of 
a TKR can be accomplished using visual recognition under low magnification using 
optical microscopy and photogrammetry, with resulting images digitally analyzed. There 
are sixteen main damage modes observed in retrieved polyethylene tibial inserts which 
can be readily observed at low magnification, such as in optical microscopy.
15
 Ten modes 
derive from adhesive/abrasive or fatigue mechanisms that occur with cyclic loading, three 
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derive from the backside surface, and three are common artifacts as a result of surgery or 
manufacturing.
15
 In order to ensure correct identification, use of a pictographic damage 
atlas is important as identification of damage modes based on descriptions obtained from 
literature can be inconsistent.  In “A pictographic atlas for classifying damage modes on 
polyethylene,” an illustrated reference guide of damage modes (Damage Mode Atlas) for 
damage observed on polyethylene was developed and a training protocol for new 
researchers validated.
15
 Use of the Damage Mode Atlas was able to increase the rate of 
correct identification of damage modes and improved inter-rater reliability. 
 Correct identification of damage modes is the first step in quantitative retrieval 
analysis. After the inserts have been assessed using the unaided eye and a 
stereomicroscope, with the damage modes identified and manually outlined using a fine 
tipped marking pen, images are taken and imported. The images can then be digitally 
processed to obtain quantitative values for the areas of the inserts affected by the different 
damage modes. Harman developed a program approximately 20 years ago that effectively 
analyzes the inserts but lacks a user-friendly interface. In order to standardize digital 
processing of the inserts, a graphical user interface was developed in MatLab.  
The objective of Aim 2 is to acquire polyethylene inserts that have functioned  in 
patients and develop a custom analysis program with a graphical user interface (GUI) for 
completing quantitative assessments of damage patterns observed on the polyethylene 
inserts’ surfaces.  It is hypothesized that the GUI interface will provide seamless transfer 
between user controlled functions of image selection, calibration, digitization, damage 
mode identification, damage area and location measurement, damage pattern display, and 
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data output. In this manner, consistent and accurate assessments of damage patterns of 
retrieved tibial inserts can be accomplished by users without advanced training in 
software programming.   
 
Materials and Methods  
 
Retrieved TKR prosthesis explanted during revision TKR at different hospitals 
were accessed through archived collections within the Clemson University Retrieval of 
Explants Program and Registry in Orthopaedics (CU-REPRO).  Conducting research on the 
retrieved prostheses is authorized using a protocol that was reviewed and approved by the 
Clemson IBC (protocol IBC2008-27).  Cleaning and processing were completed following 
protocols based on ASTM 561-05a [REF] and ASTM F1715 [REF], and generally 
included formalin fixation of attached tissues, gentle cleaning with detergents, 
ultrasonication in methyl alcohol, and dry storage. A total of 50 TKR were obtained and 
assessed in this Aim (Table 1), including two different designs from two different 
manufacturers (Genesis II, Smith & Nephew, Memphis, TN; NexGen, Zimmer, Warsaw, 
IN).  The materials used for the bearing couples consisted of either cobalt-chrome or 
oxidized zirconium femoral components and conventional or highly cross-linked 
UHMWPE tibial inserts with both cruciate-retaining and posterior-stabilized articular 
geometry.   
  The visual appearance and distribution of damage patterns on the articular and 
non-articular surfaces were evaluated using a published illustrated Damage Mode Atlas 
to distinguish 16 specific damage modes. These modes are recognized as typically 
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occurring on polyethylene bearings with low to moderate conformity and are readily 
observed with optical microscopy.
15
  The Damage Mode Atlas includes both photographs 
and written descriptions (Fig. 10-11) of the 16 specific damage modes, including 10 
modes consistent with adhesive/abrasive or fatigue mechanisms that can occur with 
cyclic loading of polyethylene bearings (Fig. 9), three modes characteristic of damage on 
the non-articular (backside) surface of modular bearings (Fig. 8), and three modes 
characteristic of common artifacts originating during surgery or manufacturing.  
  After undergoing training as described in the Damage Mode Atlas and 
demonstrating proficiency, surface damage on the tibial inserts was assessed using the 
unaided eye and a stereomicroscope (model Z30L, Cambridge Instruments, Cambridge, 
MA) fitted with a reflected light illuminator and lenses providing magnification from 7x 
to 30x.  The distinct damage modes were identified and manually outlined using a fine 
tipped marking pen. Articular surfaces included the proximal insert surfaces of the medial 
and lateral plateaus that typically undergo direct bearing contact with femoral component.  
Non-articular surfaces included the distal insert surface that experiences direct contact 
with the tibial baseplate.   
 Calibrated digital images were captured for all inserts using a high resolution 
digital imaging system (EOS D30, Canon) with controlled illumination and 
photogrammetric reference scale (ABFO No. 2) for later size calibration.  The images 
were originally captured as color JPG format with 2160 pixels by 1440 pixels per image. 
The horizontal and vertical resolutions were 96 dpi with a bit depth of 24 and a total size 
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of 8.89MB. The captured images were converted into TIFF formatted images as the TIFF 
format does not introduce compression into the image.    
 After damage evaluation and image capture, quantitative assessments were 
completed using custom software written in MatLab code, inclusive of two separate 
graphical user interfaces (GUI).  The program is broken into two separately functioning 
GUI. The first GUI was designed to allow the user to highlight each area of damage on 
the implant, assign it to one of the predefined damage modes, and export data about the 
location and size of the damage area relevant to the center of the implant. The second 
GUI was designed to allow the user to complete a quantitative analysis for either single 
or multiple inserts, generate a visual display of damages on a single insert, and provide a 
visual depiction of the increasing occurrences of selected damage modes through 
overlaying a series of implants.  
  In the data collection GUI, the user imports and displays a TIFF image. A visual 
depiction of the process is detailed in Fig. 12. Insert rotation in the image is visually 
assessed and corrected by defining a posterior condylar axis (line connecting the most 
posterior aspects of the medial and lateral condyles) and executing the image rotation 
program function until that posterior axis lies parallel to a horizontal line defined by the 
edge of the image.  After the image is rotated, the photogrammetric scale is used for 
image calibration for reporting accurate size dimensions, with image resolution averaging 
approximately 17.7 pixels/mm in the macro photographs.  The user then establishes an 
insert-based coordinate system with the origin at the geometric center of the insert. The 
origin is determined by the user establishing the most extreme left, right, top, and bottom 
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points on the insert with the xy-coordinates from those selections being used to calculate 
the center. The x-coordinates of the right and left extreme points are used to determine 
implant width and the y-coordinates of the top and bottom extreme points are used to 
determine implant height. These values are later used to normalize the xy-coordinates 
collected during contour acquisition to a standard size. Contour acquisition is 
accomplished through use of a built in MatLab function called “roipoly.” It allows the 
user to specify a polygonal region of interest within an image and returns a binary image 
mask and xy-coordinates. The xy-coordinates are manipulated using the implant height 
and width to fit the pre-determined implant size standard. The mask exports a value of 1 
for each pixel contained within it. By summing the mask and multiplying it by the x and 
y calibrations, the area enclosed by roipoly is determined. Use of another built in MatLab 
function, “regionprops,” allows for the determination of the centroid of the region 
selected by roipoly. Regionprops measures a set of properties for each connected 
component in the binary mask and when ‘centroid’ is specified, it outputs the center of 
mass of the region. To assign the region to a particular damage mode, the user is asked to 
select one of the sixteen damage modes and assign it as medial or lateral. The xy-
coordinates for the damage modes and damage mode centroid locations are exported as 
‘.mat’ files. The medial centroid, lateral centroid, calibrations, and damage areas are 
exported as ‘.csv’ files.  
 The data processing GUI has multiple functions that the user can select from and 
some of their uses are visually depicted in Fig. 13. There are two functions that the user 
can call in order to obtain a visual depiction of the damage associated with a particular 
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insert. One function, “Single Implant Top Surface Display,” provides a computer 
generated mapping of the bearing surface of the tibial insert; the second function, “Single 
Implant Backside Surface Display,” generates a map of the damage patterns on the 
surface of the tibial insert that is in contact with the metal tibial baseplate. Each damage 
mode is associated with a particular color that is displayed on the surface of the implant. 
The user is then asked if they would like to display the overall damage centroids for the 
insert. If yes, the user selects the centroid data and it is mapped on top of the current 
display. The centroid locations are calculated relative to the implant center and displayed 
in the table. Positive y values represent an anterior location while negative y values 
represent a posterior location. The positive or negative x values represent a distance from 
the center and, depending on the knee orientation, are either medial or lateral. In order to 
obtain quantitative data for an implant, the user must select the “Damage Area Percentage 
Calculator.” The user imports the folder containing all areas for one insert; if the user 
wishes to import data for multiple inserts, they may import that data as well. The program 
calculates the percentages of the areas in terms of: bearing surfaces in terms of total 
surface, total medial/lateral/total damage in terms of bearing surface, and 
medial/lateral/total damages in terms of bearing surface. These percentages are displayed 
in the table.  
  The accuracy of the designed programs is first evaluated by conducting a 
comparison test on three standard images using Image J and the developed program (Fig. 
14). In order to verify the reproducibility of the program, a sample insert damage mode 
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was evaluated. The backside deformation region on the left of the insert was the damage 
mode used in the evaluation (Fig. 14).  
  These programs were developed to replace the analysis software previously used 
in the research group. This task was undertaken for several reasons, including software 
availability, software cost, and ease of use. The prior program was developed by Dr. 
Melinda Harman in 1994 in PV-Wave (version 6.21, Visual Numerics, Inc., Boulder, 
CO). Her program was originally applied to tibial baseplates, but evolved to include 
analysis of polyethylene inserts.
58-62
 The program originally developed was created as it 
is easier to identify trends and make connections to clinical outcomes with more 
quantitative data. Additionally, the original program created a visual display of the 
damage patterns experienced by the inserts, which allows for easier interpretation of the 
insert damage patterns.  
  As PV-Wave is an array based programming language, it requires its user to have 
programming language knowledge in both C/C++ and Fortran code. PV-Wave software 
is not currently offered through Clemson University’s information technology 
department. In order for the research group to continue quantitative polyethylene 
analysis, a new program that utilizes available software was needed. As MatLab is 
available at no charge to all university students and employees, it was selected for 
development of the new analysis software. Another area that development of the program 
focused on was ease of use. Development of a program that did not require users to have 






 The accuracy of the developed MatLab program was evaluated used three 
samples. The samples were evaluated using ImageJ and the MatLab GUI. The average 
areas for all three samples between the ImageJ and MatLab GUI were similar, as were the 
standard deviations (Table 1).  
  The reproducibility of the developed MatLab program was evaluated using a 
sample insert damage mode. The area of backside deformation on the left side of the 
insert was determined using both ImageJ and the MatLab GUI (Table 2). The percentage 
difference in the areas between the two programs was 0.09%. 
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Table 1. Image J and MatLab GUI Accuracy Validation Data 
 ImageJ MatLab GUI Percentage 
Difference in 











722.8 1.8 723.3 2.0 0.07 
Rectangle 
2 
1260.4 3.7 1260.1 2.8 0.02 
Triangle 
3 
322.9 1.5 323.6 1.3 0.22 
 
Table 2. ImageJ and MatLab GUI Reproducibility Validation Data 





Average Areas (%) 
ImageJ 46.8 0.05  





 The developed MatLab GUIs provides for accurate, reproducible, user friendly 
image processing.  When three sample images (two triangles, one rectangle) were 
evaluated using both ImageJ and the developed MatLab GUIs, there were very small 
percentage differences between the two values, ranging from 0.02% to 0.22%. This 
demonstrates the accuracy of the MatLab GUIs ability to measure areas. Additionally, the 
standard deviations were low and similar between the two analysis programs. In order to 
test the reproducibility, both programs evaluated a region of backside deformation (Fig. 
14). Again, the average areas calculated were very similar, with only a percentage 
difference in the areas between the two programs of 0.09%. However, the MatLab 
program had a slightly higher standard deviation than ImageJ in this particular scenario.  
  The developed programs demonstrated success in image analysis and eliminated 
the need for users to have extensive programming knowledge. PV-Wave requires 
extensive knowledge of C/C++ and Fortran languages, while MatLab is a more modern 
programming language.  Due to their development as a GUI, users lacking advanced 
training in software programming can still complete image processing and analysis, 
which allows for a greater number of lab personnel to begin conducting quantitative 
analysis. It is able to provide seamless transfer between user controlled functions of 
image selection, calibration, digitization, damage mode identification, damage area and 
location measurement, damage pattern display, and data output. With this GUI based 
program the analysis based methods originally developed by Harman, et al
15,58-62
 are now 




Figure 8. Damage Mode Atlas images acquired through the microscope. (A) Backside deformation with a field of 




Figure 9. Damage Mode Atlas images acquired through the microscope. (A) Non-articular deformation. (B) 
Burnishing. (C) Striations. (D) Scratches. (E) Abrasion. (F) Pitting. (G) Embedded Debris. (H) Subsurface 




Figure 10. Descriptions of distinct features characteristic for each damage mode, including the visual 









Figure 12. Image contouring GUI process. (A) Import .TIFF image. (B) Rotation of image. (C) Rotated image. 
(D) Calibration of image. (E) Determination of center of implant – left side point acquisition. (F) Begin 







Figure 13. Display GUI process. (A) Import folder for display. (B) Display of bearing surface. (C) Centroid 
display with table containing centroid location. (D) Import folder for area analysis. (E) Display of calculated 





Figure 14. The image on the left is the standard used for accuracy validation. The image on the right, with the 













Distinguish Variations in Damage Distribution Comparing TKR 





Since the invention of TKR, changes to design in pursuit of a device with a longer 
lifespan have occurred. At present, TKRs can have either fixed or mobile polyethylene 
inserts, posterior stabilized or posterior cruciate ligament retaining, and highly cross-
linked or conventional polyethylene inserts.  
  In a TKR the tibial insert can be either fixed to the tibial plateau or mobile. A 
fixed-bearing TKR is a design in which the tibial insert is locked into the metal tibial 
component. Different manufacturers have differing locking mechanisms for the 
polyethylene-tibial plateau interface. Mobile-bearing TKRs were designed as an 
alternative to fixed-bearing in order to reduce wear and revision rates.
63-66
 Several 
variations in design exist to either allow rotation or translation between the femoral and 
tibial components. Rotations about a longitudinal axis, translation in the anterior-
posterior direction, or a combination of the two were developed to allow the movements 
of a revised knee to more closely mimic the normal knee throughout flexion and 
extension. One of the primary reasons for the creation of mobile-bearing TKRs was to 
reduce polyethylene wear, as premature wear of the UHMWPE is one of the major causes 
of device failure.
55
 In theory, the allowing of relative movement between the lower 
surface of the tibial insert and baseplate reduces the constraint force and the congruity of 
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the insert reduces contact stresses, leading to an overall reduction of polyethylene wear. 
The results showed that the amount of wear on the upper surface of the polyethylene is 
reduced for the mobile-bearing design when compared to the fixed-bearing design; 
however, the backside surface of the mobile-bearing inserts showed a higher incidence of 
high-grade wear patterns.
55
 A retrospective analysis of prospectively collected data identified 
with the use of a total joint replacement registry with the purpose of comparing short-term 
survivorship and evaluating the risk factors for revisions of mobile-bearing compared with fixed-
bearing TKRs and determined that the low contact stress mobile-bearing design TKRs had a 
higher risk of revision than fixed-bearing TKRs.
64 
  The majority of patients are currently treated with a fixed-bearing TKR and there 
are two types of design for TKRs that are used to control joint stability – posterior 
stabilized or posterior cruciate ligament (PCL) retaining. Depending upon the patient’s 
needs, a surgeon can choose either design. Overall, PCL retaining and posterior stabilized 
TKR designs have similar clinical outcomes. 
  Use of posterior stabilized TKRs can be dependent upon surgeon preference, 
availability, or the condition of the surrounding soft tissues and posterior cruciate 
ligament (PCL). The PCL is the strongest of the four ligaments in the knee, providing it 
with stability while pulling back the femur posteriorly onto the tibia during “roll-back”, 
thereby preventing posterior translation of the tibia.
16
 The removal of the PCL thus 
necessitates the addition of a post to the polyethylene insert that articulates with the metal 
cam portion of the femoral component in order to restore stability to the joint. The cam-
post mechanism was developed to induce posterior femoral translation during deep knee 
flexion with the goal of increasing maximum knee flexion; different designs allow for 
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different degrees of flexion, ranging from between 20° to 65° of flexion.
17,18
 One of the 
problems associated with TKR that posterior stabilized knees sought to overcome was 
that patients rarely flex the knees beyond 120° after surgery.
19
 Posterior stabilized TKRs 
have been evaluated in terms of patient function, knee kinematics, rotational kinematics, 
risk of post fracture, survivorship, rates of osteolysis, range of motion, and clinical 
results. 
  Several studies have been conducted to assess the intermediate to long term 
results of posterior stabilized TKR. After a minimum of five years follow-up increased 
rates of osteolysis were reported for modular, posterior stabilized TKRs.
67
 After a mean 
follow-up of twelve years, the rate of osteolysis was 4%, with overall excellent or good 
results in 89% of knees with well-fixed components and a rate of revision of 3%.
21
 
Impingement and wear of the post are believed to be some of the reasons for the higher 
rate of osteolysis.
67
 Additionally, fatigue wear of the post from impingement in the 
trochlear groove during extension was deemed a source of abnormal stress at the cement-
bone interface, cement-implant interface, and polyethylene-tibial tray interface.
67
  
  In order to determine the tibiofemoral kinematics, maximum flexion, and timing 
of the cam-post engagement in patients after posterior stabilized TKR, a dual-orthogonal 
fluoroscopic system was used to obtain data from an Asian population during a single 
leg, weight bearing-flexion.
18
 The system allowed for the determination of posterior 
femoral translation, internal tibial rotation, and tibiofemoral contact locations. The study 
suggested that greater flexion may be obtained from later cam-post engagement. A sharp 
increase in posterior translation of the femur and tibiofemoral contact locations beyond 
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90° of flexion was noted just after the cam-post engagement begun and at high flexion 
there was a reduction in internal tibia rotation. Of note is the observation that initial cam-
post contact primarily began at the medial corner of the post, explaining the reduction in 
internal tibial rotation as it would cause the tibia to rotate externally.
18
 Suggs, et al.
18
 
reported that for every 0.5° increase in active flexion required 1° of cam-post engagement 
delay. These kinematics are design dependent and differences in the post-cam 
engagement mechanism will alter flexion stability and posterior femoral rollback.
68
 
  Preoperative and postoperative range of motion and KSS scores, incidence of 
manipulations, revision, survivorship analysis and radiographic data can be used to 
evaluate midterm clinical results of an altered posterior stabilized TKR design. The 
design deepened the patellar sulcus, recessed it in the femoral box, truncated the sides of 
the patellar flange, altered the medial-lateral and anterior-posterior radii of articulation, 
and increased the jump height of the femur over the tibia.
69
 The KSS scores improved to 
92.8 with a corresponding increase in range of motion (105° preoperative to 120° 
postoperative).
69
 12.3% of patients in this study required manipulation under anesthesia 
due to failure to achieve 90° of flexion 6 week postoperatively, but 14% of those patients 
suffered from postoperative complications that restricted their flexion, and less than 2% 
of patients required revision surgery at an average of 7 years follow-up.
69
 No evidence of 
radiolucencies and no indications of implant loosening were noted at most recent follow-
up. This particular posterior stabilized TKR design has a predicted survivorship of 97.2% 
at 10 years;
69
 long-term durability for posterior stabilized TKR designs approaching more 





  In some cases, the PCL can be retained in patients and a PCL retaining TKR 
design is utilized. There has been some debate about whether the PCL should remain 
intact or be resected during the TKR procedure, with soft tissue conditions and surgeon 
preference playing a role in the decision making process. Some potential disadvantages 
associated with this design are PCL rupture, patellofemoral malalignment, and 
posteromedial polyethylene wear and may influence survivorship of the prosthesis.
20
 
Overall, PCL retaining fixed-bearing TKR designs are highly successful with the need for 
additional surgery occurring at approximately 0.4% per year for the first 27 years
9
 and 
survivorship rates after 10 years at 87% to 95.7%.
20
 Evaluations of PCL retaining TKR 
designs include analysis of long-term survival, tibial translation, maximum flexion, and 
anteroposterior stability. 
  Increased range of motion is crucial to Asian and Middle Eastern cultures, with 
many of their religious and lifestyle activities involving kneeling. Ginsel, et al.
70
 used 
fluoroscopy to study the kinematics of a new PCL retaining TKR design in highly flexed 
postures and to determine if the kneeling position allows for greater flexion than the 
lunge position, the traditionally used position in the study of knee kinematics. Greater 
flexion was obtained in kneeling (131°) than in lunge (120°). Additionally, the new PCL 
retaining TKR design evaluated in this study allowed patients to have an additional 
average gain of 16° maximum flexion postoperatively.
70
 
  Anteroposterior (AP) stability has been associated with a better range of motion, 
clinical outcome, and device stability.
71,72
 In order for the PCL to be deemed as 
functioning properly, the difference in the laxity or AP displacement of the knee between 
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the intra-operative and follow-up assessments needed to be less than or equal to 3mm.  
AP stability is influenced by gender, type of bearing, and age, with men, fixed-bearing, 
and older patients demonstrating lower laxity.
72
  There is not a significant correlation 
between knee laxity and passive flexion; in patients with intermediate knee laxity, a trend 
was found toward higher passive flexion. At over 5 years of follow-up after a PCL-
retaining TKR was implanted, the PCL remained correctly balanced and functional.
72
 
Range of motion and function two years post-operatively was evaluated to correlate it to 
postoperative AP movement in 100 patients broken into three groups according to the 
extent of AP translation. A significant difference between the three groups was noted 
between flexion, hyperextension, and AP stability at two years postoperation.
71
 
Additionally, a positive correlation was discovered between AP translation and final 
range of motion, with hyperextension increasing with increasing AP translation. Patients 
with more than 5mm of translocation had adequate range of motion and function, but 
when translation exceeded 10mm, there was an increased risk of hyperextension. One 
study hypothesized that an over 15 year follow-up study would show a survival rate for 
PCL retaining TKR below 90% with PCL rupture, posteromedial polyethylene wear and 
patellofemoral complications leading to revision.
20
 Cosurvivorship was 92.5% over 17 
years, with fourteen knees failing for reasons that were ranged from aseptic loosening 
with severe osteolysis. Guo, et al.
20
 concluded that varus and valgus deformity of the 
operated knee could be important factors for prosthesis failure.  
  There is considerable debate about the use of PCL retaining or posterior stabilized 
TKR designs. One way in which the difference between the two was measured was 
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through long-term survival analysis.
73
 PCL retaining TKRs had an overall survival rate of 
99.7% at one year, 98.3% at 5 years, 95.7% at 10 years, 89.8% at 15 years, and 83.2% at 
20 years. Posterior stabilized TKRs had overall survival rates of 99.4% at 1 year, 96.8% 
at 5 years, 92.2% at 10 years, and 76.5% at 15 years. Even with accounting to patient 
dependent factors such as age, gender, diagnosis, and deformity, PCL retaining TKRs had 
significantly improved survival compared to posterior stabilized designs.
73
 Abdel, et al.
73
 
reported that an age greater than 70 years old, female sex, and a diagnosis of 
inflammatory arthritis are associated with increased implant survival and patients 
diagnosed with inflammatory arthritis have significantly greater survival. 
  Long-term survivorship is not the only metric used to evaluate differences in the 
two different articular constraints. Postoperative KSS function scores, KSS pain scores, 
KSS, range of motion, flexion and extension angle, and complications can also be used. 
A systematic review and meta-analysis of randomized controlled trials comparing 
posterior stabilized and PCL retaining TKRs was completed.
74
 Posterior stabilized TKR 
designs had better range of motion and flexion angle compared to PCL retaining designs 
with no differences existing between the two designs for the three clinical knee scores, 
extension angle, complication, and prosthesis survivorship.
74
 Posterior stabilized TKR 
had 11.1° greater range of motion than PCL retaining TKR and a 2.9° difference in 
flexion angle. Overall, PCL retaining and posterior stabilized TKR designs have similar 
clinical outcomes. 
  Both conventional and highly cross-linked UHMWPE are used in total knee 
replacements. Since the creation of the total knee replacement, multiple modifications 
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have been completed in an attempt to improve the functionality and life cycle of the 
device. Osteolysis has been associated with backside wear and tibial modularity, the 
polyethylene sterilization method and stock, and the design of the posterior stabilized 
tibial post.
21
 Other factors that contribute to polyethylene debris generation and osteolysis 
include patient age, patient activity level, and surgical factors. Cross-linked ultra-high 
molecular weight polyethylene (UHMWPE) was developed to reduce volumetric wear in 
both hip and knee prostheses in comparison to standard UHMWPE.
22
  
  As with all semicrystalline polymers, UHMWPE’s mechanical properties are 
dependent upon its chemical structure, molecular weight, crystalline organization, and 
thermal history, which influence wear and performance of the tibial inserts. UHMWPE is 
a two-phase viscoplastic solid consisting of crystalline domains embedded within an 
amorphous matrix.
75
 The complexity at the nanoscale makes UHMWPE a composite 
material capable of changing over time in response to mechanical, chemical, and thermal 
stimuli. The mechanical properties of UHMWPE are related to its average molecular 
weight, which can be calculated from intrinsic viscosity measurements.
75
 That viscosity 
is related to the bulk impact strength and abrasive wear resistance of the tibial insert. The 
static fracture response also depends on the molecular weight at large strains.
75
  
  The creation of the tibial insert from UHMWPE stock material is dependent, to a 
certain degree, on the desired shape. The exact methods used by total knee replacement 
device manufacturers are proprietary but some assumptions can be made.
75
  Inserts that 
are relatively flat can be milled using bulk compression molded slab stock. Flat inserts 
can also be created from extruded rod stock that has been sliced into pucks that are milled 
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into the correct geometry. Tibial inserts can also be manufactured through direct 
compression molding of resin material. The resin is converted to a finished or semi-




  The extent of different damage mechanisms on the UHMWPE tibial inserts 
depends not only on patient age, patient activity level, and surgical factors, but also the 
surface roughness of the metallic and polyethylene components. UHMWPE components 
“off-the-shelf” can have surface roughness values from 0.28 μm to 0.89μm.
75
 Other 
factors that impact the polyethylene are the sterilization methods used and resulting 
degradation. From 1948 up until 1995, sterilization of UHMWPE was performed using 
gamma radiation in the presence of air.
75-77
 Gamma irradiation leads to the creation of 
long-lived free radicals which react with oxygen. This ultimately results in progressive 
oxidation, breaking of polymer chains, alteration of crystalline portions of the polymer, 
and deterioration of mechanical properties.
76
 By 1998 all of the major manufacturers of 
total joint replacement devices had switched to either sterilization using gamma 
irradiation in a reduced oxygen environment, such as nitrogen gas, or sterilizing without 
ionizing radiation, using either ethylene oxide or gas plasma.
75,77
  
 Cross-linking UHMWPE has been shown to improve abrasion and delamination 
resistance, although the process of cross-linking the polyethylene may reduce some of its 
mechanical properties.
75,77
 This method of treatment was clinically introduced starting in 
1998 with the intention of reducing wear, reducing the incidence of revision resulting 





 There are two primary ways of cross-linking UHMWPE: annealing 
after irradiation or remelting the polyethylene after irradiation.
22,78
 Annealing UHMWPE 
creates free radicals which can lead to late oxidation of the polyethylene. Remelting 
removes the free radicals from the polyethylene but reduces its fatigue strength. Using 
ionizing radiation followed by thermal treatment to crosslink the polyethylene and 
eliminate free radicals helps to increase the inserts abrasive wear resistance.
77
 Irradiation 
creates both crosslinks and residual free radicals, but the free radicals are trapped in the 
crystalline domains. By heating after irradiation, the polyethylene crystalline states 
become amorphous which allows the free radicals to combine with one another.
77
 
  Traditionally, UHMWPE is cross-linked through gamma or electron-beam 
radiation of a ram-extruded bar stock or compression-molded sheet polyethylene at a 
dose greater than 4 MRads.
23
 Thermal treatment eliminates or reduces free radicals while 
enhancing the saturation of cross-linking. Implants can then be machined from the treated 
UHMWPE. If a manufacturer prefers remelting, they will typically sterilize the insert 
using ethylene oxide gas or gas plasma techniques; if annealing is preferred, then 
conventional gamma sterilization in an inert environment is used for sterilization.
23
 
  As the goal of cross-linking was to reduce the amount of volumetric wear, it is has 
been the focus of several papers. One study comparing the two different types of 
polyethylene concluded that cross-linking was able to reduce wear by up to 92% 
following three million elliptical cycles. However, the reduction in wear is accompanied 
by reduction in mechanical properties, such as ultimate tensile strength, yield strength, 
elongation/ductility and toughness.
23
 The majority of clinical research that has been 
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conducted with respect to highly cross-linked UHMWPE has taken place in total hip 
replacements as it was only introduced in total knee replacement starting in 2001.
79
 After 
more than a decade of use, knowledge of in vivo damage mechanisms and oxidative 
stability of remelted highly cross-linked polyethylenes is still lacking. MacDonald, et al.
79
 
investigated the damage mechanisms and oxidative stability of remelted highly cross-
linked UHMWPE in a series of retrieved tibial inserts. Oxidation was lower in the highly 
cross-linked group than in the gamma inert group of inserts, but the highly cross-linked 
group did have measurable levels of oxidation at the bearing surface.
79
 Additionally, the 
inserts showed mainly abrasive and adhesive wear as opposed to fatigue mechanisms. 
Overall, remelted polyethylene has very low residual free radical but has compromised 
physical properties compared to conventional polyethylene. Anneal polyethylene has a 
higher density of free radicals but has closer physical properties compared to 
conventional polyethylene.  
  The objective of Aim 3 is to use the image-based measurement tool developed in 
Aim 2 to assess damage patterns occurring on the retrieved polyethylene tibial inserts 
with different types of polyethylene, namely conventional and highly cross-linked 
UHMWPE, and on tibial inserts with different types of articular constraint, namely 
cruciate-retaining and posterior-stabilized.  It is hypothesized that tibial inserts fabricated 
from highly cross-linked UHMWPE will have damage modes occurring at different 
frequencies compared to the conventional UHMWPE inserts.  It also is hypothesized that 
tibial inserts with the posterior stabilized constraint will have damage patterns located 
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more posterior than the inserts with cruciate retaining constraint.  
 
Materials and Methods 
 
Patient demographics were obtained from existing CU-REPRO records for the 50 
retrieved TKR acquired in Aim 2.  There were 26 males, 22 females, and 2 unknown 
gender with an average body mass index of 31.0 + 6.5 (range, 18.1 to 46.5) kg/m2 and an 
average age at the time of revision of 63.3 + 10.1 (range, 35 to 79) years.  Duration of 
function averaged 3.4 + 3.8 (range, 0.1 to 20) years. Reasons for revision included 
instability (5), instability with pain (1), infection (14), stiffness (6), stiffness with pain 
(1), loosening (8), loosening with osteolysis (1), patellar complications (3), synovitis with 
recurrent effusion (1), peri-prosthetic fracture (1), and unknown (8).  
  Using the retrieved bearing materials and articular geometry acquired in Aim 2, 
several different comparison groups were established to evaluate the damage patterns 
occurring on inserts fabricated from conventional and highly cross-linked UHMWPE and 
having different articular constraint, namely cruciate-retaining and posterior-stabilized.   
 Two comparison groups were used to assess the performance of the conventional 
and highly cross-linked UHMWPE.  The first comparison group (Compare UHMWPE 1) 
provided for assessment of different UHMWPE materials from a single manufacturer’s 
design (Genesis II) comparing highly cross-linked UHMWPE posterior stabilized inserts 
articulating with oxidized zirconium femoral components (n = 12) versus conventional 
UHMWPE posterior stabilized inserts articulating with cobalt chromium alloy femoral 
components (n = 12).  The second comparison group (Compare UHMWPE 2) provided 
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for assessment of different UHMWPE materials from both included manufacturers, 
comparing all highly cross-linked posterior stabilized inserts (n = 14) with all 
conventional posterior stabilized inserts (n = 26).    
  Three comparison groups were used to assess the performance of the cruciate-
retaining and posterior-stabilize articular constraints.  The first comparison group 
(Compare CONSTRAINT 1) provided for assessment of different articular constraint 
from both included manufacturers, comparing all posterior stabilized inserts (n = 40) with 
all cruciate retaining inserts (n = 10).  The second comparison group (Compare 
CONSTRAINT 2) provided for assessment of different articular constraint from a single 
manufacturer’s design (Genesis II), comparing posterior stabilized inserts (n = 25) with 
cruciate retaining inserts (n = 10).  The third comparison group (Compare 
CONSTRAINT 3) provided for assessment of different articular constraint including only 
a single highly cross-linked design (Genesis II) having either posterior stabilized inserts 
(n=12) or cruciate retaining inserts (n=9).   
As discussed in Aim 2, articular damage patterns were identified according to the 
Damage Mode Atlas using an optical stereomicroscope and photogrammetry. The 
photogrammetry was completed using published methods and custom analysis software 
written in MatLab. The purpose of this aim is to identify differences in frequency of 
damage modes and damage location in all comparison groups which is accomplished 
using the methodology developed in Aim 2.  
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The results for Compare UHMWPE 1, Compare UHMWPE 2, Compare 
CONSTRAINT 1, Compare CONSTRAINT 2, and Compare CONSTRAINT 3 are 
summarized in Tables 4-8.  
  When evaluating damage centroid locations, Compare CONSTRAINT 1 and 
CONSTRAINT 2 did not yield any statistically significant differences. For Compare 
CONSTRAINT 2, although not statistically significant, the cruciate retaining inserts were 
located closer to the center line of the inserts than the posterior stabilized inserts for the 
medial damage centroid (ANOVA, P = 0.387) and more posterior for the lateral damage 
centroid (ANOVA, P = 0.304) than the posterior stabilized counterparts. Compare 
CONSTRAINT 3 did not have a statistically significant difference between the medial 
damage centroid location (ANOVA, P = 0.745) but there was a statistically significant 
difference between the lateral damage centroid location (ANOVA, P = 0.020). The lateral 
damage centroid location for the cruciate retaining inserts was located anterior while the 
posterior stabilized inserts lateral damage centroid location was posterior.  
  The statistical analysis of the data set for Compare CONSTRAINT 3 (n = 21) 
showed that there was a difference in the average medial damage percent (ANOVA, P = 
0.061) and a statistically significant difference in the average lateral damage percent 
(ANOVA, P = 0.036). The posterior stabilized inserts (n = 12) had less medial and lateral 
damage than the PCL retaining inserts. When all Genesis II TKR designs were included 
(Compare CONSTRAINT 2, n = 35), there was no statistically significant differences in 
the medial and lateral damage percentages. The group was further expanded to include all 
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inserts (Compare CONSTRAINT 1, n = 50) and no statistically significant differences 
were found between damage percentages. 
  When evaluating average damage percentages, Compare UHMWPE 1 had a 
difference in the average medial damage percentage with conventional polyethylene 
inserts sustaining greater amounts of damage (ANOVA, P = 0.051). The highly cross-
linked inserts showed less medial bearing surface damage. There was a statistically 
significant difference in the lateral damage percentages (ANOVA, P = 0.033), with the 
lateral damage on the highly cross-linked polyethylene inserts averaging less damage 
than the conventional inserts. Compare UHMWPE 2 showed a statistically significant 
different in the medial damage percentage (ANOVA, P = 0.009) and the lateral damage 
percentage (ANOVA, P = 0.014), with the averages being summarized in Table4 and 
Table 5.  
  The frequency and percent area affected by the damage modes for Compare 




Table 4. Compare UHMWPE 1 Results Summary 
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Table 5. Compare UHMWPE 2 Results Summary 



































Table 6. Compare CONSTRAINT 1 Results Summary 
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Table 7. Compare CONSTRAINT 2 Results Summary 



































Table 8. Compare CONSTRAINT 3 Results Summary 





































Table 9. Compare UHMWPE 1 Frequency and Area Affected Percentages 
UHMWPE 1 Highly Cross-linked (n = 12 ) Conventional (n = 12) 
Damage Mode Frequency Area Affected (%) Frequency Area Affected (%) 
Abrasion 8 1.6 ± 2.2 8 2.4 ± 2.5 
Burnish 12 21.6 ± 10.9 12 22.3 ± 12.7 
Embedded Debris 0 0 1 3.0 
Non-articular Deformation 2 3.4 ± 1.1 1 16.29 
Pit 7 3.2 ± 4.5 10 17.3 ± 20.7 
Scratch 10 10.3 ± 13.3 10 14.6 ± 15.5 









Table 10. Compare UHMWPE 2 Frequency and Area Affected Percentages 
UHMWPE 2 Highly Cross-linked (n = 14) Conventional (n = 26) 
Damage Mode Frequency Area Affected (%) Frequency Area Affected (%) 
Abrasion 8 1.6 ± 2.2 15 3.8 ± 3.7 
Burnish 14 26.5 ± 16.2 22 16.8 ± 12.0 
Embedded Debris 0 0 9 5.1 ± 10.1 
Fracture 0 0 1 1.7 
Non-articular Deformation 2 3.4 ± 1.2 1 16.3 
Pitting 9 2.7 ± 4.0 24 22.4 ± 23.8 
Scratch 12 11.1 ± 12.5 22 20.4 ± 20.3 
Striation 8 12.6 ± 9.2 11 12.4 ± 9.2 
64 
 
 For Compare UHMWPE 1, both the highly cross-linked and conventional 
posterior stabilized Genesis II inserts experienced abrasion, burnishing, non-articular 
deformation, pitting, scratching, and striation and the conventional polyethylene inserts 
also had embedded debris. The highly cross-linked inserts had a greater frequency of 
burnish, non-articular deformation and a lower frequency of pitting than the conventional 
polyethylene. The area percentages with the burnish damage mode were not significantly 
different despite the difference in frequency. Although the non-articular deformation 
occurred at a slightly higher frequency, it occurred in an average lower percentage 
overall; the same is true for the striation damage mode. Not only was the frequency of 
pitting lower in the highly cross-linked inserts but it also impacted a dramatically smaller 
percentage of the area. The total damage sustained by the inserts in Compare UHMWPE 
1 was greater in the conventional polyethylene inserts than the highly cross-linked 
inserts. 
   Expanding the group to include all posterior stabilized inserts that are either 
highly cross-linked or conventional (Compare UHMWPE 2, n = 40) results demonstrate 
that highly cross-linked inserts experience a greater percentage of inserts affected by 
burnishing, scratching, and striation and a lower percentage of inserts are affected by 
abrasion and pitting. PCL retaining inserts have embedded debris, fracture, and non-
articular deformation, which the highly cross-linked inserts in this series did not 
experience. Not only did the highly cross-linked inserts experience a higher frequency of 
burnishing, but the percentage of the area affected was also greater. The frequency of 
scratching was only slightly greater for highly cross-linked inserts but the area percentage 
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impacted by the damage was smaller. The area percentage affected by striation was 
similar between the two polyethylene types despite the damage occurring more 
frequently in the highly cross-linked insert grouping. Slightly fewer highly cross-linked 
inserts were affected by abrasion than in the conventional polyethylene group and they 
experienced the damage in a lower average area percentage. Not only did pitting occur 
less frequently in the highly cross-linked polyethylene inserts, it also impacted a 
significantly lower average area percentage. The average overall area impacted by 
damage was significantly lower for highly cross-linked than in conventional polyethylene 
inserts.  
  Statistical analysis of the data sets showed that for Compare UHMWPE 1 (n = 24) 
there was not a statistically significant relationship between material type and medial 
bearing surface damage location but there was a statistically significant difference 
(ANOVA, P = 0.035) between the two materials and the lateral bearing surface damage 
location. When the group was expanded to include all posterior stabilized inserts 
(Compare UHMWPE 2, n = 40), there was again no statistically significant difference in 
the medial damage location but a statistically significant difference (ANOVA, P = 0.003) 




  Posterior stabilized TKRs are designed to allow for patients to have a 
greater range of motion. In one study, posterior stabilized TKR had 11.1° greater range of 
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motion than PCL retaining TKR and a 2.9° difference in flexion angle.
74
 For PCL 
retaining TKR designs, greater anteroposterior (AP) stability has been associated with a 
better range of motion.
71
 Compare CONSTRAINT 1, CONSTRAINT 2, and 
CONSTRAINT 3 were used to determine if a relationship between articular constraint 
and overall damage location existed.  
  For Compare CONSTRAINT 3, there is a statistically significant difference in the 
lateral damage centroid location between the Genesis II highly cross-linked, posterior 
stabilized TKR inserts and the Genesis II highly cross-linked, cruciate retaining TKR 
inserts. The lateral damage centroid location for the cruciate retaining inserts was located 
slightly anterior while the posterior stabilized inserts lateral damage centroid location was 
posterior. The group was expanded to include all Genesis II posterior stabilized and PCL 
retaining inserts (Compare CONSTRAINT 2) and the statistical significant difference in 
the lateral damage centroid location was lost. Although not statistically significant, the 
PCL retaining inserts were located closer to the center line of the inserts than the 
posterior stabilized inserts for the medial damage centroid (ANOVA, P = 0.387) and 
more posterior for the lateral damage centroid (ANOVA, P = 0.304) than the posterior 
stabilized counterparts. When all posterior stabilized and PCL retaining insert lateral 
damage locations were analyzed, no statistical significance was found. The medial 
damage centroid location was more posterior in the posterior stabilized inserts than in the 
PCL retaining inserts (ANOVA, P = 0.181). In both constraint designs the lateral damage 
centroid was located posteriorly to the center of the insert. 
  Analysis of Compare CONSTRAINT 1, CONSTRAINT 2, and CONSTRAINT 3 
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showed that the medial damage location was retained more centrally in the PCL retaining 
inserts than in the posterior stabilized inserts. The lateral damage location was 
statistically significantly different in one of the three groupings, with the posterior 
stabilized design having a more central lateral damage location. In the Compare 
CONSTRAINT 3 posterior stabilized inserts, the medial damage centroid location was 
more posterior than the lateral damage centroid location while for the PCL retaining 
inserts the opposite was found. The posterior stabilized inserts in Compare 
CONSTRAINT 1 and CONSTRAINT 2 also had the medial damage centroid located 
more anteriorly than the lateral damage centroid, although the difference between the two 
locations was reduced. The PCL retaining inserts in Compare CONSTRAINT 1 and 
CONSTRAINT 2 also had the average lateral damage centroid located more posteriorly 
than the medial damage centroid.  
  Very few studies have been published that contain quantitative information 
related to the damage centroid location. In one study, PCL retaining inserts were 
evaluated with the damage centroid locations being included.
61
 The study had three 
groupings of PCL retaining inserts: a retrieval group, a simulated walking group, and a 
simulated walking and stair group. The retrieval group’s medial damage centroid location 
was 0.7 ± 2.9 mm anterior and lateral damage centroid location was 1.5 ± 3.2 mm 
posterior (P = 0.112). The simulated walking group’s medial damage centroid location 
was 3.0 ± 0.8 mm anterior and lateral location was 0.0 ± 0.6 mm anterior (P = 0.062).
61
 
The simulated walking and stair group’s medial damage centroid location was 2.3 ± 0.6 
mm anterior and lateral damage centroid location was 2.3 ± 0.4 mm posterior (P < 0.001). 
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All three comparison groups used in this aim had the medial damage centroid located 
posterior to the center of the implant, which contrasts significantly with all three groups 
from the study which had the medial damage centroid location anterior. Two of the three 
groups from the Harman, et al
61
 study had the lateral damage centroid located posteriorly, 
which the comparison groups in this aim are in agreement with. The comparison groups 
lateral damage centroid location ranged from 2.197 mm to 2.768 mm posterior, which 
includes the simulated walking and stair group lateral damage centroid location. The 
retrieval group from that study had the lateral damage centroid located slightly more 
anteriorly (1.5mm posterior) than the inserts in the comparison groupings. This could be 
attributed to the relatively short in vivo lifespan of the comparison groupings inserts.   
  No studies contained quantitative data concerning the damage centroid locations 
for posterior stabilized TKR inserts; however, many studies have published information 
regarding  anterior-posterior contact ranges for medial and lateral condyles, the 
magnitude of axial rotation of the femur relative to the tibia, and location of center of 
contact on the medial and lateral condyles throughout a given activity.
80-83
 These values 
will be used to help determine if the damage centroid location values obtained in this aim 
lie within the expected regions.  
  Under fluoroscopy, posterior stabilized inserts averaged 13.5 ± 2.5 mm posterior 
femoral contact point with weight bearing deep knee flexion and had an average of -5.2° 
± 3.8° of tibial external rotation.
83
 A second fluoroscopy study demonstrated that 
posterior stabilized inserts have an average range of axial rotation of 6.7° ± 2.2°, which is 
smaller than PCL retaining inserts experienced (9.4° ± 3.6).
80
 When posterior stabilized 
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inserts were evaluated using three-dimensional radiological images, it was determined 
that there is a relatively symmetrical posterior femoral translation during flexion with a 
mean of 6.4 mm and 6.5mm for the medial and lateral condyles, respectively, and overall 
tibial internal rotation of 3.0°.
82
  
  Data in this aim suggests that the more posterior damage patterns centroid 
location on the posterior stabilized inserts, especially on the lateral plateau, reflect 
reduced internal-external rotational motion of the TKR during flexion and extension 
range of motion in daily activities. This suggestion is supported by the reduction in 
overall tibial internal rotation reported by Delport, et al.
82
 and Banks, et al.
80
. When 
looking at the medial and lateral damage centroid locations for all three comparison 
groups, there is a greater difference between locations for PCL retaining inserts than for 
the posterior stabilized inserts. This is consistent with the results of a Banks and Hodge
80
 
study, in which it was determined that there is a relatively symmetrical posterior femoral 
translation during flexion with a mean of 6.4 mm and 6.5mm for the medial and lateral 
condyles. Similarly, it is also possible that the lateral damage centroid location is kept 
more central in posterior stabilized TKR designs because the central polyethylene post 
projecting superior into the joint space and engaging the femoral cam provides greater 
constraint than the cruciate retaining design. In contrast, if the PCL was damaged during 
the TKR surgery, or the PCL loses patency during patient aging, this soft tissue constraint 
is lost for cruciate retaining TKR and greater femoral translation on the UHMWPE 
articular surface would be expected. The large standard deviations associated with the 
damage centroid location raise the question of the strength of the results. In order to 
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reduce the standard deviation and strengthen the results, additional inserts will need to be 
included in future studies.  
  There were significant differences in damage areas when the designs with 
different articular constraints were compared. The average medial damage area was 
43.2% ± 14.6% for posterior stabilized inserts and 61.2% ± 26.5% for cruciate retaining 
inserts (ANOVA, P = 0.061). The average lateral damage percentages were statistically 
significantly different between the two articular constraints, at 41.1% ± 14.9% for 
posterior stabilized inserts and 57.6% ± 18.6% for cruciate retaining (ANOVA, P = 
0.036). These results support knee kinematics studies which document greater femoral 
translations occurring on cruciate retaining TKR compared to posterior stabilized TKR.
84
 
  Cross-linked UHMWPE was developed in order to reduce volumetric wear.
22
 The 
majority of clinical research that has been conducted with respect to highly cross-linked 
UHMWPE has taken place in total hip replacements.
79
 In vitro studies have been the 
primary source of information related to wear of highly cross-linked inserts as the 
material was introduced in TKR starting in 2001.
79
 After more than a decade of use, 
knowledge of in vivo damage mechanisms and oxidative stability of remelted highly 
cross-linked polyethylene is still lacking. It is important to note than the in vivo lifetime 
of the inserts used in this research is relatively short when compared to other tibial insert 
damage analysis studies, with these inserts having an average lifespan between three to 
four years. 
  The results of this work showed that there was an almost 18% decrease in damage 
areas in the medial bearing surface and just over 16% decrease in damage areas in the 
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lateral bearing surface, for an average overall reduction in damage areas of 33.8%. This 
reduction in damage areas contrasts with published results, which reported that no 
statistically significant difference was seen between cross-linked and conventional inserts 
in terms of total surface wear in simulator studies.
85-87
 It is possible that the differences in 
conditions experienced by the inserts (in vivo versus simulator) could explain the 
differences in damage areas. The predominate damage modes on the inserts consisted of 
scratching, burnish, and striation, with pitting present but no delamination. In the study 
comparing different TKR designs and materials the predominant wear patterns consisted 




  In Compare UHMWPE 1, the highly cross-linked polyethylene inserts were 
affected by abrasion as frequently as the conventional polyethylene inserts and 
experienced similar area percentages associated with it. In Compare UHMWPE 2, 
slightly fewer highly cross-linked inserts were affected by abrasion than in the 
conventional polyethylene group and they experienced the damage in a lower average 
area percentage. Crosslinking UHMWPE has been shown to improve abrasion resistance, 
with knee simulators demonstrating marked reductions in adhesive/abrasive wear 
compared to conventional polyethylene inserts.
75,77,88
  Studies comparing the amount of 
irradiation an insert is subjected to and its resulting effects on abrasive and adhesive wear 
have shown that with increased radiation-induced cross-linking, adhesive and abrasive 
wear resistance increases, up to 100 kGy.
89
   
 “Walking” tests in knee simulators that showed wear scars included burnishing, 
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deformation, striations, and some scratches on both highly cross-linked and conventional 
UHMWPE TKR inserts.
90
 In the Genesis II TKR model, highly cross-linked polyethylene 
inserts experience the same frequency of striation as did the conventional polyethylene 
but it experienced it in an average lower area percentage. When all posterior stabilized 
TKR inserts were evaluated (Compare UHWMPE 2), the area percentage affected by 
striation was similar between the two polyethylenes despite the damage occurring at a 
higher frequency in the highly cross-linked inserts. Asano, et al.
89
 conducted testing to 
determine the effects of cross-linking polyethylene for TKR inserts on wear performance 
and determined that as the radiation dose increased, striations occurred less frequently. 
The greater frequency of striations on highly cross-linked inserts in Compare UHMWPE 
2 could be attributed to the small population size.  
  Another point of difference between highly cross-linked and conventional inserts 
is the frequency and area percentages affected by pitting. The frequency of pitting was 
lower in the highly cross-linked polyethylene inserts in both Compare UHMWPE 1 and 
UHMWPE 2, with significantly lower average area percentages experiencing the damage. 
A study using retrieved conventional and highly cross-linked polyethylene TKR inserts 
and determined that the inserts showed primarily abrasive and adhesive wear as opposed 
to fatigue mechanisms, such as pitting.
77,79
 However, it must be noted that revision for 
loosening (9 inserts) was much more common among the conventional UHMWPE inserts 
(8 inserts) compared to the highly cross-linked UHMWPE inserts (n = 1), and this 
revision reason is a known contributor to pitting damage due to the presence of cement 
debris generated during component loosening.  In any case, very little fatigue-related 
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damage was noted in all insert groups, which likely reflects their relatively short duration 
(less than 5 years) of function.
91
 
  Statistically significant differences were found in the lateral damage centroid 
location in both Compare UHMWPE 1 and UHMWPE 2. Differences in damage centroid 
location were not expected as all inserts evaluated were of the same articular constraint 
design (posterior stabilized). In both comparison groups, the lateral damage centroid was 
located significantly more posteriorly in the highly cross-linked polyethylene inserts than 
in the conventional polyethylene inserts. Possible reasons for this could include 
abnormalities in alignment, rotation, or gait of the patients. Additionally, the lateral 
portions of the inserts in both Comparison Groups 3 and 4 had slightly larger average 
area percentages experiencing damage. 
  It is recognized that these studies have several notable limitations.  First, the 
number of inserts used for these comparison studies were small, reducing the statistical 
power considerably. Also, damage occurring in TKR is highly multi-factorial, requiring 
additional details about patient factors and surgical factors be included in the analysis 
models.  Oxidation and other measures of UHMWPE degradation were not completed, 
nor were detailed analyses completed for the femoral component bearing surface. Finally, 
TKR designs from only two manufacturers were included in these studies, restricting how 
broadly these findings can be generalized to all TKR design.  Acquisition of additional 
TKR retrievals is ongoing, and the techniques developed in this thesis are highly 




Chapter 5  
Conclusions and Recommendations 
 
In Aim 1, a series of 10 TKR with progressive periprosthetic osteolysis around 
well-fixed and well-aligned components that were treated with curettage of the osteolytic 
lesions, bone grafting of the resultant defect, and polyethylene insert exchange 
demonstrated excellent results at an average of 5 years follow up with no cases requiring 
rerevision surgery. The senior surgeon participating in that study continues to selectively 
use this approach and recommends incorporating the surgical decision models (Fig. 4-5) 
at the time of revision TKR. However, if this approach is to be utilized, the inclusion 
criteria outlined must be strictly followed. 
  While TKR offers patients a chance to improve their mobility, it is not successful 
in every case. There are many known complications associated with TKR and those 
complications can have devastating results, with some patients requiring multiple 
revision surgeries or fusion of the joint. Due to the decrease in survivorship associated 
with complete TKR revision, combined with the increasingly younger patient population 
undergoing TKR, alternative methods are a necessity. By closely monitoring the bone 
condition surrounding the joint replacement, completing follow-up, and assessing the 
patient, some cases of peri-prosthetic osteolysis can be discovered that fall within the 
inclusion criteria outlined in Aim 1. Bone grafting and isolated insert exchange represents 
a viable, less severe, surgical treatment option than total TKR revision.  
  In order to validate this method, further research evaluating its long-term 
survivorship with a larger sample size is crucial.  As the senior surgeon is continuing 
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selective use of this approach, the sample size is increasing. Long term follow-up of the 
original patient series is recommended to determine survivorship of the pre- and intra-
operative surgical decision models success. Once the surgical decision models have been 
verified with a larger sample size and longer follow-up time, additional surgeon 
utilization of the surgical decision models would provide valuable data to determine wide 
spread use success.  
  The development of the MatLab GUIs for the second aim allows for a user of any 
skill level to accurately analyze digital images of retrieved TKR polyethylene inserts. The 
user interface eliminates the need for detailed knowledge of computer coding. The GUIs 
provides for accurate, reproducible, user friendly image processing.  It is comparable to 
results obtained using ImageJ software in terms of area calculations but surpasses ImageJ 
in its ability to create computer generated images depicting damage patterns and location, 
determination of damage centroid location, and calculations of damage area percentages. 
The GUIs provide seamless transfer between user controlled functions of image selection, 
calibration, digitization, damage mode identification, damage area and location 
measurement, damage pattern display, and data output. The GUIs developed for this aim 
will prove to be an invaluable tool in the completion of future research projects.  
  While the GUIs that were developed are able to complete analysis of the imported 
digital images, it is not optimized. The developer of the GUIs did not specialize in 
computer/software engineering and believes that much can be done to reduce the amount 
of CPU Usage that occurs while the program is running. The program was designed with 
the purpose of analyzing a particular subset of retrieved tibial inserts. If the program is to 
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be used to analyze inserts outside of the scope of the original grouping, additional work 
will need to be completed.  
  The third aim of this research assessed the differences in variations in damage 
modes and damage distribution between highly cross-linked and conventional 
polyethylene and posterior stabilized and PCL retaining TKR designs. Overall, a 
reduction in average medial and lateral damage areas was found in highly cross-linked 
polyethylene compared to conventional polyethylene. Also, there was a significant 
difference in lateral damage centroid locations between the two articular constraints.  
  The highly cross-linked polyethylene tibial inserts show a significant reduction in 
average medial and lateral damage areas compared to conventional polyethylene tibial 
inserts. Burnishing and striation impacted a greater number of highly cross-linked inserts 
than conventional ones in both comparison groups while pitting occurred at a lower 
frequency. This is significant in that it shows that the highly cross-linked polyethylene is 
achieving its design purpose – reduction in polyethylene debris particle generation and 
damage. There was a lower incidence of damage related to fatigue failure in highly cross-
linked polyethylene than in conventional. In the instances where the frequency of damage 
occurred more readily in highly cross-linked inserts, it typically occurred at a lower 
percent area affected. The lateral damage centroid location was statistically significantly 
different between the two types of polyethylene, with highly cross-linked inserts 
experiencing damage more posteriorly. This could lose statistical significance with 
increased sample size or in vivo time and warrants further exploration.  
  Posterior stabilized TKR designs have more centrally located lateral damage 
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centroid locations and the PCL retaining designs have more centrally located medial 
damage centroid locations. In the Genesis II highly cross-linked articular designs the 
lateral damage centroids were statistically significantly different, with the posterior 
stabilized design centroid being located anteriorly and the PCL retaining design located 
posteriorly. With increasing sample size, although the statistical significance was lost, 
both articular constraint designs had the medial damage centroid located anteriorly to the 
lateral damage centroid. Although not much work has been done evaluating damage 
centroid location, the results of this work reflect the purpose with which the designs were 
made and are located in regions consistent with other published studies. The posterior 
stabilized design was created to constrain the amount of AP movement experienced by 
the TKR, as the post needed to replace the PCL whose purpose is to control AP 
translation in the natural joint. The damage centroid being located more centrally in the 
posterior retaining inserts than in the PCL retaining inserts shows the success of the 
design in controlling movement and is supported by the knowledge that posterior 
stabilized TKR designs have relatively symmetrical posterior femoral translation during 
flexion.
80
 Out of the three constraint comparison groups, only Compare CONSTRAINT 3 
had a statistically significant difference in the amount of wear experienced by the lateral 
bearing surface of the polyethylene inserts. As CONSTRAINT 3 was composed of 
devices of the same model and manufacturer, this could be attributed to that particular 
design and does not extrapolate across all models and manufacturers.  
  All inserts used in this work had relatively short in vivo lifespans. Intermediate 
results are important to assess, but long term outcomes hold more significance and merit. 
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Additional long-term inserts for both articular constraint and polyethylene type are 
necessary to strengthen the results found in Aim 3. Greater in vivo time could 
significantly impact the damage frequency and affected area percentages. Another way in 
which the significance of this work could be improved would be to increase the sample 
size. The standard deviations were high, raising the question of their validity. A larger 
sample size would help to clarify if the results from this work are more universally 
applicable by potentially reducing the standard deviations. It is interesting to note that 
statistical significance related to damage centroid location was achieved when only one 
brand of TKR designs were evaluated. Additional TKR models should be evaluated to 
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